A novel means of transducing tensile stress using a diffractive Bragg grating based polymeric sensor is presented. The diffraction gratings are successfully fabricated on a polydimethylsiloxane (PDMS) polymer using the holographic interference and micromolding technique. The micro MTS tensile test incorporated with the Raman experiment showed that a relationship between the load and the observed diffraction pattern shift could be obtained. The results show an excellent correlation between the optical measurement and load with a tensile sensitivity of 0.05N. However, this value would be much lower if a better optical and mechanical setup were used.
Introduction
Investigation in strain sensing has been an active research area for the past 60 years, and it has the potential to impact a large number of industries and disciplines [1] [2] . The technologies applied to date in the tactile sensing field include metal strain gages, conductive elastomers, ferroelectric polymers (i.e. PVF2), semiconductor strain gages, and optoelectronics [1] . The characteristics of all strain sensors depend, to some degree, on the properties of the deformable contact materials. Each material has its advantages and disadvantages, depending on physical properties and manufacturing concerns. In here we present a novel means of transducing strain along the axial direction using a diffractive Bragg grating sensor.
Polymer gratings are widely investigated due to their low cost and simple fabrication. Typical techniques for patterning gratings on polymers have been published in several literatures [3, 4] . The advantages of the holographic interferometric technique are that it can provide flexibility in the grating period and depth by changing incident laser beam angles, and the irradiation time. The minimum grating period is reduced to λ/2(λ: light wavelength) and it is only limited by the wavelength of the light source. Therefore, our polymer diffraction gratings were fabricated using the holographic interferometric technique.
Experiment Results and Discussion
The fabrication of the polymer diffraction gratings sensor utilizes a unique micromolding and holographic interference technique that we recently developed. The fabrication process begins with creating a mold on a Pyrex glass substrate. A precut 2.0 by 1.0cm
2 Pyrex glass substrate was spin coated with a layer of 0.6µm thick positively tone Ultra 123 photoresist (MicroChem Corp., MA.). This sample was first baked in a convection oven at 90
• for 120 seconds to remove excess solvent from the photoresist. The sample was then placed on the sample holder for the holographic light exposure ( Figure 1 ). This sample was postbaked in an oven at 110
• for 120 seconds. After baking, the sample was rinsed in MF26A developer (MicroChem Corp., MA.) for 30 seconds until the grating pattern was obtained. The patterned resist was then used as a mold to transfer the grating pattern onto a (PDMS) thin film using typical micro-molding technique [5] (e.g. stamping). The result from the scanning electron microscope (SEM) micrograph of the PDMS gratings indicates a good pattern transfer from the photoresist gratings ( Figure 2 ). The thickness measurement of the PDMS obtained from a scanning electron microscope (SEM) indicated a 92µm thickness. The grating period and grating depth measured using SEM and AFM showed 0.952µm 0.0448µm thicknesses respectively, which are within 0.5% of our designed grating pattern specifications. From the measurements obtained from the SEM and AFM, it was shown that we could accurately control the depth/width ratio of the diffraction grating pattern by our holographic/micromolding process. The PDMS thin film was then cut into 5mm long and 1mm wide sensor configuration from a metal mold for the load test. (Figure 3 ) Fillets near the bases of the sample were done to prevent stress concentration and prevent breakage near the region during the load test. Gratings were holographically exposed using a two-beam interferometer technique (Figure 1 ). The light source is a 60mW 325nm wavelength single mode operated Helium-Cadmium laser (Kimmom Corp., MA). The laser beam was split using a beam splitter and separated into two plane waves with equal intensity. The two plane waves after reflecting by the two mirrors (mirror A and B) interfered at the sample holder plane where the sample coated with a photosensitive polymer (Ultra123, refractive index = 1.618) were exposed. The grating period can be determined by
where T is grating period, λ is the wavelength of laser light, and θ is the incident angle of the two plane waves into the surface plane. From eq. (1), the grating period could be accurately controlled by a single reflecting angle θ. For example, if the θ was adjusted to 18.96 • , T is equal to 0.5µm. The micro Materials Test System machine (MTS) was used to apply the tensile load on the PDMS grating sensor. The change of the gratings period on the sample due to a tensile load was observed based on the straininduced grating period shift using the Raman scattering setup (Figure 4) . A He-Ne laser (wavelength=632.8nm) was used to provide the incident light intensity for the diffracting gratings. The positions of the diffracted light were measured at some predetermined location using a straight ruler with a 1mm resolution. The diffracting angle measurement was used to calculate the displacing grating period using the Raman principle.
The plots of displacement change as a function of the force using one sensor with two 90
• grating alignments, and one with no gratings are shown in Figure 5 . All two curves appear nonlinear. This is expected since the PDMS is a elastomeric material. The results also show that a sensor with gratings oriented at 90
• from the axial direction displace more easily than that of the sample with no gratings. This effect is similar to a corrugated structure commonly seen in the diaphragm of a speaker where the displacement of the diaphragm is enabled by the fact that the surface tension of the structure is reduced due to the corrugated structure on the sample. In the case of the sensor, the axial displacement is relaxed by the corrugated structure. For the 90
• grating off axial direction sample, the gratings period increased with the increasing axial load (Figure 6 ). For the 90 Figure 5 : The displacement change as a function of the load Figure 6 : The gratings change as a function of the load grating case, the period appears to change nonlinearly with the axial load. Based on the initial study, we found the sensitivity of the diffracting grating sensor is good. Since the sensitivity of the load cell was limited at 0.05 N, our sensor's sensitivity is currently set at 0.05 N for the tensile force sensing. We believe this number should be two orders or better if a better loading and optical setups were used for the measurement.
Conclusion
The polymer diffraction gratings were successfully fabricated using the holographic interference technique. The depth/width ratio could be easily controlled by the incident angle and exposing time of the laser light. The micro MTS tests incorporated with the Raman experiment showed that the grating period on PDMS polymer was sensitive to the tensile stress. The results from our preliminary study show the polymer sensor capable of measuring very small axial load. It is our intention that a tensile/shear sensor will be derived from the concept for mechanical or biomedical applications.
